and memory formation [3, 4] . MicroRNAs are small regulatory RNAs that are processed from stem-loop regions of primary transcripts. The nuclear microprocessor complex (composed of Drosha and DGCR8) and Dicer are double strand RNA binding proteins that are critical in microRNA maturation [5] . Drosha and DGCR8 directly modulate gene expression and RNA metabolism at different stages, such as transcriptional initiation and termination and the processing of various RNA species, including pre-mRNAs [6] . Dicer isoforms are involved Aim: Increasing evidence shows that mRNAs exert regulatory function along with coding proteins. Recently we report that a hairpin within YAP mRNA 3'UTR can modulate the Hippo signaling pathway. PTEN is a tumor suppressor, and is mutated in human cancers. In this study we examined whether PTEN mRNA 3'UTR contained a hairpin structure that could regulate gene regulation at the posttranscriptional level. Methods: The secondary structure of PTEN mRNA 3′UTR was analyzed using RNAdraw and RNAstructure. Function of hairpin structure derived from the PTEN mRNA 3′UTR was examined using luciferase reporter assay, RT-PCR and Western blotting. RNAimmunoprecipitation (RIP) assay was used to analyze the interaction between PTEN mRNA and microprocessor Drosha and DGCR8. Endogenous siRNA (esiRNA) derived from PTEN mRNA 3′UTR was identified by RT-PCR and rt-PCR, and its target genes were predicted using RNAhybrid. Results: A bioinformatics analysis revealed that PTEN mRNA contained a hairpin structure (termed PTEN-sh) within 3′UTR, which markedly increased the reporter activities of AP-1 and NF-κB in 293T cells. Moreover, treatment with PTEN-sh (1 and 2 μg) dosedependently inhibited the expression of PTEN in human liver L-O2 cells. RIP assay demonstrated that the microprocessor Drosha and DGCR8 was bound to PTEN-sh in L-O2 cells, leading to the cleavage of PTEN-sh from PTEN mRNA 3′UTR. In addition, microprocessor Dicer was involved in the processing of PTEN-sh. Interestingly, esiRNA (termed PTEN-sh-3p21) cleaved from PTEN-sh was identified in 293T cells and human liver tissues, which was found to target the mRNA 3′UTRs of protein phosphatase PPP2CA and PTEN in L-O2 cells. Treatment of L-O2 or Chang liver cells with PTEN-sh-3p21 (50, 100 nmol/L) promoted the cell proliferation in dose-and timedependent manners. Conclusion: The endogenous siRNA (PTEN-sh-3p21) cleaved from PTEN-sh within PTEN mRNA 3′UTR modulates PPP2CA and PTEN at the post-transcriptional level in liver cells.
Introduction
The regulatory function of RNAs in gene expression has been widely studied [1, 2] to assess the ways in which network regulation plays crucial roles in development, stem cell maintenance Post-transcriptional modulation of protein phosphatase PPP2CA and tumor suppressor PTEN by endogenous siRNA cleaved from hairpin within PTEN mRNA 3′UTR in human liver cells [7] [8] [9] . Recently, we have reported that a hairpin within the YAP mRNA 3'UTR can serve as a regulatory element modulating the Hippo signaling pathway [10] . However, the regulatory role of the hairpin structure within the 3'UTR is poorly understood.
PTEN is an important tumor suppressor, and loss of PTEN function has been implicated in a wide variety of tumor types [11] . The PTEN-PI3K-AKT-mTOR pathway plays an essential role in the regulation of glucose metabolism, owing to its position downstream of the insulin receptor (INSR) and IRS adaptor molecules. Increasing evidence supports the hypothesis that mRNAs can serve as regulatory RNAs. PTEN mRNA functions in the regulation of gene expression by competing with common microRNAs [12] . PTEN expression can be post-transcriptionally modulated by a PTEN pseudogene, whose transcripts exert regulatory control of their ancestral cancer gene's expression levels by competing with microRNAs that target sequences common to the mRNA and the pseudomRNA [13, 14] . However, whether the PTEN mRNA 3'UTR contains hairpin structure and functions in regulation are not well documented.
In this study, we sought to determine whether PTEN mRNA functions in regulation at the transcriptional level. Interestingly, we identified an endogenous siRNA cleaved from a hairpin within the PTEN mRNA 3′UTR in liver cells. This endogenous siRNA regulates target genes, such as PPP2CA and PTEN, at the post-transcriptional level. Our finding provides new insights into the mechanism by which PTEN mRNA functions in regulation.
Materials and methods

Cell culture and transfection
The human embryonic kidney cell line 293T was maintained in Dulbecco's modified Eagle's medium (Gibco, Grand Island, NY, USA) [15] . Hepatocytes from human immortalized normal liver L-O2 and Chang liver cell lines were cultured in RPMI Medium 1640 (Gibco) supplemented with 10% fetal calf serum (FCS), 100 U/mL penicillin, and 100 µg/mL streptomycin in 5% CO 2 at 37 ºC. The cells were cultured in 6-well or 24-well plates for 12 h and were then transfected with plasmid or siRNA. All transfections were conducted using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol.
Plasmid construction
The complementary DNA sequences of PTEN-sh (5'-CGC-
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TAGAAATTGTCCTACATGTGCTTTATTGATTTGCTATT-GAAAGAATAGGGTTTTTTTTTTGGTACCCCG-3'), PTENsh-non (5'-CGCGGATCCAGCGTTTTTTTTCTTTGAA-GATTTATGATGCACTTATTCAATAGCTGTCAGCCGTTC-CACCCTTTTGACCTTACACATTCTATTAGGTACCCCG-3') and PTEN-sh-mut (5'-CGCGGATCCAAATATTACATTA-AGGGTTAAGTGATTTGATTCAGTAATTGTGCTATTCCTA-CATGTGCTTTATAGATTAAAGAATTGATTTTTTGG-TACCCCG-3') were synthesized by Augct (Beijing, China) and were then cloned into a pRNAT-U6.1/neo vector via BamH I and Kpn I sites to evaluate the effects of the hairpin on cell activity. The PTEN 3′UTR fragments containing PTEN-sh and PPP2CA 3′UTR were inserted downstream of the pGL3-control vector (Promega, USA) via Fse I and Xba I sites to measure the effects of PTEN-sh or PTEN-sh-3p21 on PTEN and PPP2CA at the post-transcriptional level. Mutant constructs of PPP2CA 3′UTR, carrying a substitution of four nucleotides, were cloned into a pGL3-control vector using overlapping extension PCR to evaluate the binding ability of esiRNA. The primers for plasmid construction are listed in Supplementary  Table S1 . The PTEN-sh-3p21 PCR products derived from 293T cells and 14 samples were inserted into a pEASY-T1 vector and sequenced (BGI, Beijing, China).
Total RNA isolation, RT-PCR, real-time PCR and walking PCR Total RNA was extracted from the cells (or liver tissues) using TRIzol (Invitrogen, USA) according to the manufacturer's protocol. To test small RNA derived from PTEN-sh, total RNA was polyadenylated by poly (A) polymerase (Ambion, Austin, TX, USA), as previously described [10] . Reverse transcription was performed using poly (A)-tailed total RNA and reverse transcription primer (5'-GCGAGCACAGAATTAATACGAC-TACTATAGGTTTTTTTTTTTTTTTTTTVN-3') with ImPro-II Reverse Transcriptase (Promega, USA) according to the manufacturer's protocol. Real-time PCR was conducted using a Bio-Rad sequence detection system according to the manufacturer's instructions, with double-stranded DNA-specific SYBR GreenPremix Ex Taq TM II Kit (TaKaRa Bio, Dalian, China). Relative transcriptional fold changes were calculated as 2 -∆∆Ct . U6 was used as an internal control to normalize small RNA levels. GAPDH was used as an internal control to normalize PTEN mRNA levels. The primers for RT-PCR, real-time PCR and walking PCR are listed in Supplementary Table S1. More details are described in the supplementary materials.
Luciferase reporter assay A luciferase reporter assay was conducted using the DualLuciferase Reporter Assay System (Promega, USA) according to the manufacturer's instructions. The 293T cells (3×10 4 / per well) were seeded into 24-well plates. After 12 h, the cells were transiently co-transfected with 0.1 µg/well of pRL-TK plasmid (Promega) containing the Renilla luciferase gene used for internal normalization and various constructs containing pGL3-Ap-1, pGL3-NF-κB, pGL3-PTEN 3'UTR, pGL3-PPP2CA 3′UTR-wt and pGL3-PPP2CA 3'UTR-mut. Cells were lysed and assayed for luciferase activity 36 h after transfection. One hundred microliters of protein extracts was analyzed in a luminometer. To evaluate the response of cells to the overexpression of hairpin structures, the AP-1 and NF-κB reporter systems were used in 293T cells [10] . The luciferase activities were measured as previously described [16] . All experiments were performed at least three times.
RNA-immunoprecipitation (RIP)
An RIP assay was conducted in native conditions as previ-ously described [17] . Briefly, L-O2 cells were pelleted and lysed. The lysates were passed through a 27.5 gauge needle 3 times for nuclear lysis. The supernatant was incubated with 2 μg of primary rabbit anti-Drosha antibody (Proteintech, Chicago, IL, USA), rabbit anti-DGCR8 (Proteintech, Chicago, IL, USA) or IgG (Sigma-Aldrich, St Louis, MO, USA) with 50 μL protein G-conjugated agarose beads (Millipore). The RNA/antibody complex was washed with NT2 buffer (50 mmol/L Tris-HCl pH 7.4, 150 mmol/L NaCl, 1 mmol/L MgCl 2 , 0.05% NP-40). The RNA was extracted with TRIzol (Invitrogen) per the manufacturer's protocol and subjected to RT-PCR analysis.
Western blot analysis
Total protein lysate was extracted from L-O2 cells with RIPA buffer. Protein concentrations were calculated using the Bradford assay, and 20-40 μg of protein extracts was subjected to SDS-PAGE. Then, proteins were transferred to a nitrocellulose membrane, blocked with 5% non-fat milk and incubated with primary antibodies. Primary antibodies were rabbit anti-PPP2CA (Proteintech, Chicago, IL, USA), rabbit anti-Akt (Santa Cruz, CA, USA), mouse anti-PTEN (Santa Cruz, USA), mouse anti-phosphorylated Akt (Cell Signaling, USA), rabbit anti-Dicer (Boster, Wuhan, China) and mouse anti-β-actin (Sigma-Aldrich, St Louis, MO, USA). The intensity for each band was quantified by software Image J. Each experiment was repeated three times.
Tissue samples
Thirty non-tumorous, human liver tissues from HCC patients were used in this study. The tissues were obtained from Tianjin First Center Hospital (Tianjin, China) immediately after surgical resection. Detailed information about the patients was obtained from patient records. Written consent approving the use of their tissues for research purposes was obtained from each patient after the operation. The study protocol was approved by the Institutional Research Ethics Committee at Nankai University (Tianjin, China).
Oligonucleotides
Small interfering RNAs (siDicer: 5'-UUUGUUGCGAG-GCUGAUUC-3'; siDrosha: 5'-AACGAGUAGGCUUC-GUGACUU-3'; siDGCR8: 5'-AACGAUGAUGACCAAGAU-UAA-3') and negative control siRNA (siNC) were synthesized by RiboBio (Guangzhou, China) [18, 19] . The PTEN-sh-3p21 mimics (5'-GAUUUGCUAUUGAAAGAAUA-3') and mimics negative control (mimics NC) were purchased from RiboBio (Guangzhou, China).
Analysis of cell proliferation L-O2 cells and Chang liver cells were seeded on 96-well plates (1000 cells/well) for 12 h before transfection, and a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to assess cell proliferation every day from the first day until the third day after transfection. The protocol has been described previously [16] . A five-ethynyl-2'-deoxyuridine (EdU) incorporation assay was performed using the Cell-Light TM EdU imaging detecting kit according to the manufacturer's instructions (RiboBio, Guangzhou, China).
Statistical analysis
Statistical significance was assessed by comparing mean values (±standard deviation; SD), using an unpaired Student's two-tailed t-test for independent groups. P<0.05 and P<0.01 were considered to be significant. Pearson's correlation coefficient was used to evaluate the relationship between the levels of PTEN-sh-3p21 and PTEN in non-tumorous, human liver tissues. Each experiment was repeated at least three times.
Results
A hairpin within the PTEN mRNA 3′UTR is responsible for regulatory function To evaluate whether PTEN mRNA has a regulatory function, we analyzed the secondary structure of PTEN mRNA by bioinformatics analysis using RNAdraw [20] and RNAstructure [21] . Interestingly, we observed that the secondary structure of PTEN 3'UTR was complicated at different free energy levels, and the secondary structure analysis displayed a hairpin structure (termed PTEN-sh) that was relatively stable as compared with other hairpin structures, such as the PTEN non-standard hairpin (PTEN-non-sh) ( Figure 1A ). Then, we constructed a vector using the U6 promoter for over-expression of PTEN-sh. It has been reported that the AP-1 and NF-κB transcription factors modulate the expression of numerous target genes related to lipid metabolism, proliferation, apoptosis, angiogenesis and metastasis in the cells, and the AP-1 and NF-κB reporter system can be used to evaluate the response to overexpression of YAP-sh in 293T cells [10, 22, 23] . Accordingly, in this study we used this system to evaluate the response of cells to the over-expression of PTEN-sh. Interestingly, a luciferase reporter assay showed that PTEN-sh increased the activities of AP-1 and NF-κB in 293T cells, whereas the PTEN-non-sh did not ( Figure 1B) . Next, we cloned the mutant of PTEN-sh, termed PTEN-sh-mut ( Figure 1C ). Interestingly，PTEN-shmut did not activate the AP-1 and NF-κB reporters ( Figure  1D ). To better understand the biological significance of this observation, we aligned the PTEN-sh sequence in different species and observed that the sequence was highly conserved in higher mammals ( Figure 1E ), suggesting that PTEN-sh is a conserved regulatory element. Thus, we conclude that PTENsh, a hairpin within the PTEN mRNA 3′UTR, is responsible for its regulatory function.
PTEN-sh is processed by micro-processor Drosha/DGCR8 and Dicer and functions at the post-transcriptional level To better understand the function of PTEN-sh, we evaluated the effect of PTEN-sh from the PTEN mRNA 3'UTR on PTEN expression regulation with a luciferase reporter assay, because the luciferase reporter assay has been shown to reflect the interaction of microRNAs with their target genes [24] . Strikingly, we observed that the luciferase activities of pGL3-PTEN-3′UTR were attenuated by treatment with PTEN-sh in 293T cells in a dose-dependent manner (Figure 2A) . More-over, a Western blot analysis showed that the over-expression of PTEN-sh led to down-regulation of PTEN at the protein level in a dose-dependent manner. In addition, we validated that the levels of phosphorylated-Akt (p-Akt), a downstream effector of PTEN, were also increased in the system, but not by PTEN-sh-mut ( Figure 2B ), thus suggesting that PTEN-sh functions in regulating PTEN. Previous studies have shown that Drosha and DGCR8 are required for the generation of the heterotetramer in hairpin structure processing [25, 26] . Interestingly, the luciferase reporter assay showed that the activities of pGL3-PTEN-3′UTR increased in 293T cells when Drosha or DGCR8 was knocked down by siRNA ( Figure 2C) . Moreover, an RT-PCR assay showed that the levels of PTEN mRNA were increased in L-O2 cells treated with Drosha or DGCR8 siRNA ( Figure 2D ). An RIP analysis showed that Drosha or DGCR8 bound to PTEN mRNA in cells ( Figure 2E ), thus suggesting that PTEN-sh is processed by micro-processor Drosha and DGCR8.
Given that Dicer can recognize stem-loop or double-strand RNA and cleave it into ~22 nucleotide long fragments [27] [28] [29] , we evaluated the effect of siDicer on PTEN-sh processing. Our data showed that PTEN-sh-decreased luciferase activities of 
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Acta Pharmacologica Sinica npg pGL3-PTEN-3'UTR were rescued by siDicer in 293T cells (Figure 2F) , in which the efficiency of siDicer was validated (Supplementary Figure 1A ), thus suggesting that Dicer is involved in the processing of PTEN-sh. When Dicer is knocked down, the expression of microRNAs is subsequently affected. Therefore, we used bioinformatics to analyze the microRNAs targeting the 3'UTR of PTEN mRNA, using the DIANA, TargetScan and Miranda databases. It has been reported that miR-19a/b and 26a/b target the PTEN mRNA 3'UTR [30] . Interestingly, miR-19a/b and 26a/b targeted the region (from 1013-1497 nt), which we cloned for further study of the mechanisms of the hairpin structure within the PTEN mRNA 3'UTR (Supplementary Figure 1B) . However, our data showed that the expression levels of miR-19a/b and miR-26a/b were not changed when Dicer was knocked down in 293T cells (Supplementary Figure 1C) , thus suggesting that the stability of the PTEN mRNA 3′UTR is affected by Dicer-mediated PTEN-sh, rather than by miR-19 and miR-26. Therefore, we concluded that PTEN-sh is processed by the micro-processor Drosha/DGCR8 and Dicer and functions at the post-transcriptional level.
An esiRNA, derived from PTEN-sh, in 293T cells and human liver tissues We have reported that a hairpin within the YAP mRNA 3'UTR (YAP-sh) is processed into an endogenous siRNA [10] . Accordingly, we hypothesized that an endogenous siRNA might be cleaved from PTEN-sh. Different walking PCR primers for PTEN-sh were designed ( Figure 3A) . Interestingly, walking PCR using PTEN-sh-3p21 primers detected a fragment of 20 nucleotides in 293T cells transfected with PTEN-sh ( Figure  3B ). The PTEN-sh-3p21 was found to be located within the PTEN mRNA 3'UTR (Supplementary Figure 2) . Real-time PCR analysis validated that the expression levels of PTENsh-3p21 were elevated in the PTEN-sh over-expressing 293T cells ( Figure 3C ). Furthermore, a fragment of PTEN-sh-3p21 was detected in 14 out of 20 human paratumor liver samples ( Figure 3D ). All PCR products from 293T cells and 14 samples were validated by sequencing, thus suggesting that PTEN-sh3p21 is an esiRNA cleaved from PTEN-sh. Moreover, realtime PCR validated that the PTEN-sh-3p21 level was inversely correlated with that of PTEN expression in 30 human non- Figure 3E ). Thus, we conclude that an esiRNA, PTEN-sh-3p21, is formed from cleavage of PTEN-sh in the cells.
PTEN-sh-3p21 targets the 3'UTR of protein phosphatase PPP2CA or PTEN Next, we predicted that protein phosphatase PPP2CA is one of the target genes of PTEN-sh-3p21 by using RNAhybrid software [31, 32] ( Figure 4A ). However, we also predicted that the PTEN mRNA is a target of PTEN-sh-3p21. It has been reported that both PPP2CA and PTEN are members of the PI3K/PTEN/Akt pathway [33] . Accordingly, we cloned the 3′UTR of PPP2CA mRNA (termed 3'UTR-wt) and a mutant PPP2CA 3'UTR (termed 3'UTR-mut) into the pGL3-control vector ( Figure 4B ). Interestingly, PTEN-sh-3p21 attenuated the luciferase activities of PPP2CA 3'UTR-wt, but not the PPP2CA 3'UTR-mut in 293T cells ( Figure 4C ). Furthermore, Western blot analysis showed that PTEN-sh-3p21 downregulated PPP2CA and PTEN at the protein level ( Figure 4D ), supporting the hypothesis that PTEN-sh-3p21 is an esiRNA that is able to silence target genes, such as PPP2CA and PTEN. Therefore, we conclude that the esiRNA, PTEN-sh-3p21, targets the mRNA 3'UTR of PPP2CA or PTEN.
PTEN-sh-3p21 enhances cell proliferation in vitro
To better understand the significance of PTEN-sh-3p21 function, we tested the effect of PTEN-sh-3p21 on cell proliferation.
Using an MTT assay, we showed that PTEN-sh-3p21 enhanced the proliferation of L-O2 cells ( Figure 5A ). An EdU incorporation assay also confirmed that PTEN-sh-3p21 promoted the proliferation of L-O2 cells ( Figure 5B ). Moreover, using MTT and EdU incorporation assays in the Chang liver cell line, we validated that PTEN-sh-3p21 promoted liver cell proliferation ( Figure 5C and 5D). These findings suggest that PTENsh-3p21 functions as an esiRNA. Therefore, we conclude that PTEN-sh-3p21, an esiRNA derived from PTEN-sh, enhances cell proliferation in vitro.
Discussion
Coding RNAs with regulatory functions are still not completely understood. Our laboratory has provided evidence that a hairpin within the YAP mRNA 3'UTR functions in regulation [10] . PTEN, which functions as a tumor suppressor, is commonly mutated in human cancers [34] . However, the underlying mechanism of action is not well documented. Therefore, we hypothesized that PTEN mRNA might have a regulatory function. In this study, we investigated the significance of the PTEN mRNA 3'UTR in liver cell regulation.
We identified a hairpin structure within the PTEN mRNA 3'UTR through bioinformatics analysis; this hairpin may act as a regulatory element in gene expression regulation. Our data showed that the PTEN-sh sequence is highly conserved in higher mammals. Interestingly, PTEN-sh increased the activities of AP-1 and NF-κB in 293T cells, thus suggesting that the hairpin functions in regulation. This finding is consistent with our previous findings that a hairpin within the YAP mRNA 3'UTR functions in regulation [10] . Next, we sought to identify the mechanism by which PTEN-sh is processed in the cells. It has been reported that the Drosha and DGCR8 complex is widely involved in RNA hairpin structure recognition and processing [35] . Therefore, we speculated that the hairpin within PTEN mRNA (PTEN-sh) might be cleaved from the PTEN mRNA 3′UTR by Drosha and DGCR8. Interestingly, we observed that PTEN mRNA levels were increased when Drosha or DGCR8 was knocked down in L-O2 cells. Moreover, using an RIP analysis, we validated that PTEN-sh interacts with Drosha or DGCR8 in L-O2 cells. These results suggest that Drosha and DGCR8 contribute to the PTEN-sh processing cells. Dicer recognizes stem-loop or double-stranded RNA and processes them into ~22 nucleotide long fragments [27] ; we hypothesized that the cleavage of PTEN-sh within PTEN mRNA might be processed by Dicer as well. As expected, we observed that Dicer was involved in the cleavage of the hairpin within the PTEN mRNA by using a luciferase reporter assay.
It has been reported that esiRNAs can be globally predicted by deep sequencing from transcriptome (also known as RNAseq) [36] . RNA-seq is extensively improving the understanding of gene regulation and signaling networks [37] . In this study, through walking PCR analysis, we screened an esiRNA termed PTEN-sh-3p21, which is cleaved from a specific hairpin structure (PTEN-sh). There are three developed computational approaches: RNAhybrid, miRanda and TargetScan, that have been used to identify esiRNA target sites within the conserved regions of the 3'UTR of genes [38] . In addition, to assess the esiRNA targets at scale, StarScan, CleaveLand, SeqTar, sPARTA, PAREsnip, StarBase and sPARTA have been developed to predict esiRNA targets from degradome sequencing data [39] [40] [41] [42] [43] [44] . We identified target genes of PTEN-sh3p21, such as PPP2CA and PTEN, by using RNAhybrid. It has been reported that PPP2CA is part of the PI3K/PTEN/Akt pathway [45] . In this study, our findings suggested that PTENsh-3p21 cleaved from PTEN mRNA contributes to the precise regulation of PI3K/PTEN/Akt signaling. Functionally, the esiRNA, PTEN-sh-3p21, enhanced the proliferation of L-O2 cells and Chang liver cells in vitro. Thus, we conclude that an esiRNA from the hairpin within the PTEN mRNA 3'UTR posttranscriptionally modulates PPP2CA and PTEN in liver cells. We propose a model in which a hairpin structure within the PTEN mRNA 3'UTR post-transcriptionally functions in liver cells ( Figure 5E ). A bioinformatics analysis showed that the secondary structure of PTEN mRNA 3'UTR has a hairpin structure. The element can be recognized by Drosha and DGCR8 and cleaved from the PTEN mRNA 3'UTR. Dicer contributes to the generation of esiRNA, such as PTEN-sh3p21 targeting the 3'UTR of PPP2CA or PTEN. PTEN-sh-3p21 results in an increase of phosphorylated Akt, thereby promoting cell proliferation. Our findings provide new insights into the mechanism by which a hairpin structure within the PTEN mRNA 3'UTR functions post-transcriptionally in liver cells. 
